Abstract-Microwave induced thermo-acoustic tomography (MI-TAT) has great potential in early breast cancer detection because it utilizes the advantages of both microwave imaging and ultrasound imaging. In this paper, a fast and efficient simulation approach based on a hybrid method which combines finite integration time domain (FITD) method and pseudo-spectral time domain (PSTD) method is developed. By using this approach, energy deposition of biology tissue illuminated by electromagnetic fields can be accurately simulated. Meanwhile, acoustic properties of the tissue can be efficiently simulated as well. Based on this approach, a MITAT model is created and some simulated results are analyzed. Furthermore, some real breast tissues are adopted to perform the thermo-acoustic imaging experiment. Comparisons between experimental and simulated results are made. The feasibility and effectiveness of the proposed approach are demonstrated by both numerical simulations and experimental results.
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INTRODUCTION
According to the statistics from the American Cancer Society, breast cancer is the most diagnosed cancer type among women [1] . Early diagnose is the key to surviving from the breast cancer [2] . Currently, mammography is the most extensively used modality for breast cancer detection. But it has some drawbacks such as ionizing radiation etc. [3] .
Two other available clinical techniques are magnetic resonance imaging (MRI) and ultrasound imaging. However, MRI system is expensive and requires long scanning time [3] . Ultrasound imaging has been widely used in breast cancer detection. It has the advantage of high spatial resolution. But the distinction of acoustic parameters between tumor tissues especially the early cancer tissue and normal breast tissue are not significant. This leads to the ultrasound imaging can not provide a high contrast in early breast cancer detection. Therefore, there has been a great deal of interests in new breast cancer detection techniques in recent years [4] [5] [6] [7] [8] [9] [10] . Microwave imaging has been researched in early breast cancer detection in [4] . It takes the advantage of high contrast in the dielectric properties between malignant and normal tissues for microwave frequency spectrum. However, it has the drawback of low spatial resolution due to the relatively long wavelength [5] [6] [7] [8] .
Microwave induced thermo-acoustic tomography (MITAT) is particularly attractive for early breast cancer detection because it combines the high contrast of microwave imaging and the satisfactory spatial resolution of ultrasound imaging [9, 10] . MITAT utilizes microwave pulses to irradiate on biology tissues. Some of the microwave energy is absorbed and causes thermo-elastic expansion, which generates acoustic waves termed thermo-acoustic. The malignant tissue absorbs more energy and emanates stronger thermoacoustic waves. An ultrasound transducer array measures the thermoacoustic signals, which are collected to reconstruct an image.
In recent years, various thermo-acoustic imaging (TAI) demonstrations have been reported [11] [12] [13] . Two-and three-dimensional (2-D and 3-D) imaging of breast tissue phantoms or real breast tissue specimens have been investigated [14] [15] [16] [17] . In the study of MITAT techniques, a fast and accurate simulation approach is necessary to help designing and optimizing system. Meanwhile, by using the simulation, it will be more flexible to make some simulations rather than real experiments. In [3] , a MITAT model based on finite difference time domain (FDTD) was introduced. The quantitative relationship between the input microwave power and generated acoustic pressure is obtained. However, the 3-D slab-shaped breast model used in [3] is not accord with the real condition. A 2-D breast model is proposed in [2] , the frequency band for imaging system was investigated. But other system components, such as antenna and transducers et al. were not considered.
In this paper, an integrated simulation approach for MITAT system based on finite integration time domain (FITD) method and pseudo-spectral time domain (PSTD) method is developed. Based on this hybrid method, an accurate electromagnetic acoustic model of the entire MITAT system including feeding antenna, fluidic environment, ultrasound transducer and 3-D hemispherical breast phantom has been established. First, the electromagnetic FITD simulation is carried out to obtain the specific absorption rate (SAR) distribution in the breast phantom. Then, the SAR distribution is used as an initial thermo-acoustic pressure source through a conversion by using a thermal expansion coefficient [2] . The thermo-acoustic waves propagate through the coupling medium and the breast tissues to the transducers. Finally, the thermo-acoustic signals collected by the transducers are adopted to reconstruct the image. In this paper, the image reconstruction algorithm is based on time reverse mirror (TRM) technique. The procedures of both thermo-acoustic forward propagation and image reconstruction are based on the PSTD method.
The remainder of the paper is organized as follows. In Section 2, the mechanism of MITAT is briefly described.
An integrated simulation procedure is developed. Based on the simulation approach, a thermo-acoustic imaging (TAI) model is studied. Some numerical and experimental results are investigated in Section 3. Real breast tissues including normal tissues and tumor tissues are used in imaging experiments. Conclusions are drawn in the final section.
INTEGRATED SIMULATION APPROACH

Contrast Mechanism in MITAT
Different dielectric properties of cancer and normal tissues are the foundation for detection with MITAT. Thermo-acoustic pressure waves, induced via local heat deposition by microwave energy absorption, can be described via the thermo-acoustic wave equation [16, 17] , i.e.,
where p( r, t) is the induced acoustic signal, H( r, t) is the heating function, v s is the sound speed, C is the specific heat capacity and β is the thermal expansion coefficient which is defined as the relative volume change with temperature under constant pressure. Assuming the source position and the observation position be at r and r, respectively, (1) can be solved with a volume integration
Thermal diffusion can be neglected because the microwave pulse width (500 ns) is much shorter than the thermal diffusion time in biology tissue [3, 14] . Thus, the thermal confinement condition [14] is satisfied. Under thermal stress confinement, the heating function can be rewritten in a form with product separated contribution of the spatial H( r) and temporal δ(t ) parts [16, 17] .
The heating function can be described as the deposition of microwave power in the sample [16] 
where the first term of the right hand is the conductivity losses with the conductivity σ( r), the second term is the dielectric losses with the imaginary part of the permittivity ε r ( r), the third term is the magnetic losses with the imaginary part of the permeability µ r ( r), ω is the angular frequency, ∆V is the volume cell unit, E r is the electrical field and H mag r is the magnetic field. Generally, the magnetic losses (the third term in (4)) in the sample can be neglected. At operation frequency 2.45 GHz, σ/(ωε) = 0.59 < 1, which means that the dielectric losses and conductivity losses are on the same order of magnitude.
A Thermo-acoustic Imaging Model
A thermo-acoustic imaging (TAI) schematic model is shown in Fig. 1 . A cylindrical container filled with mineral oil is placed above a microwave antenna. The breast phantom, which refers to the mostly fatty breast phantom in the University of Wisconsin Computational Electromagnetics (UWCEM) Numerical Breast Phantom Repository [18] , is placed in the container and is irradiated by microwave pulses. The thermo-acoustic waves are received by the ultrasound transducers which are aligned on the wall of the container. In this model, the container, the mineral oil, and the ultrasound transducers are all considered.
The diameter of the container D c is 109.5 mm and the distance between transducer and container center D T is 83 mm. The hemispherical breast phantom mainly consists of three parts: skin tissue, fatty tissue and tumors. The radius R b of the breast model is 41 mm. The outermost layer of the breast model is a skin layer with a thickness of 1 mm. Fatty tissues which includes three embedded tumors with radius of 5 mm fill inside the breast phantom. The space distribution of the three tumors is illustrated in Fig. 1 . The dielectric properties of the model are listed in Table 1 [19] . From (2)- (4), it can be seen that the induced thermo-acoustic signal depends on the heating function, and the heating function is determined by the dielectric properties and electromagnetic fields. Therefore, calculating heating function of biology tissue is the first step to perform the simulation. Finite integration time domain (FITD) method is an efficient numerical method in analyzing electromagnetic (EM) problem [16] . It operates with discretizations of the integration form of Maxwell's equations. The discretizations of the integration form of Maxwell's equation are described in [20] . This discrete electromagnetic field approach can be used for efficient numerical simulations with stability property in the time domain.
A commercial software based on FITD is utilized to perform the electromagnetic simulation. In the EM simulation, in order to improve computational efficiency, we adopt different grids to decompose the model. The decomposition schematic is shown in Fig. 2 . The breast phantom is divided by small meshes due to the small size of the tumors. Under the considerations of stable condition and the fine structure of the breast phantom, the cell size inside the breast phantom is 1 mm × 1 mm × 1 mm, while the cell size in the mineral oil zone is 6 mm × 6 mm × 6 mm. The entire simulation region is enclosed by perfectly matched layers (PML) absorbing boundary condition. The specific absorption rate (SAR) distributions at 2.45 GHz frequency in breast phantom are obtained. The SAR distribution is used as the initial thermo-acoustic source through the thermal expansion coefficient in the acoustic simulation [2, 3] .
Finite difference time domain (FDTD) is a general method for thermo-acoustic simulations [3, 19] . However, simulations based on FDTD solutions to the acoustic wave equation are computationally formidable for modestly large three-dimensional (3-D) domains [21] . The wavelength of ultrasound is millimeter level. The diameter of the model is about 160 acoustic wavelengths. In FDTD method, at least ten grid points per minimum wavelength are required in the meshing. Thus, the acoustic simulation for the 3-D model requires large computational time. Meanwhile, FDTD has dispersion error associated with the approximation of spatial derivatives. In order to overcome these limitations, pseudo-spectral time domain (PSTD) method is adopted to perform the acoustic simulations in the MITAT model.
PSTD is a technique which combines the Fourier pseudo-spectral method and the perfectly matched layer (PML) [22] . This method avoids the "wraparound effect" happens in unbounded condition, which confines the Fourier pseudo-spectral method and k-space method [22, 23] . Furthermore, PSTD method improves the efficiency in the spatial domain due to the less spatial grids. For example, only two grid points per wavelength are required in PSTD scheme.
In the finite difference (FD) scheme for acoustic simulation, the gradient of the acoustic field is estimated by using linear interpolation based on the values at the mesh nodes. Fitting a higher-order polynomial to a greater number of nodes and calculating the derivative of the polynomial is a better way to estimate the field gradient. The pseudo-spectral (PS) method utilizes this idea and estimates the field gradient by fitting a Fourier series to all the data.
A MATLAB program utilizing the PSTD method is adopted for the acoustic wave simulation, where the SAR distribution has been obtained from the EM simulation. By solving (1), the time-dependent thermo-acoustic waveform is obtained.
The acoustic properties of biology tissue, for example the distribution of acoustic velocities, are important because they directly determine the quality of reconstructed image. According to [24] , we model the acoustic velocities of the fat and the skin tissues as Gaussian random variables with mean acoustic velocities of 1470 m/s and 1537 m/s, standard deviations of 5 and 10 respectively. The velocity distribution in the breast model is shown in Fig. 3 . The densities of the tissues ρ are selected as ρ = 0.893 · v s − 349, which is a relation derived from the measured properties of soft tissue [25] . The weak heterogeneous acoustic properties of biology tissue are modeled.
In the acoustic simulation, the computational domain is 200 mm× 
NUMERICAL AND EXPERIMENTAL RESULTS
We validate the effectiveness of the integrated simulation approach by using both numerically simulated and experimentally measured thermo-acoustic data.
MITAT System
Some experimental MITAT systems have been developed and been reported [12, 13, [15] [16] [17] . In order to validate the performance of the integrated simulation approach, we have developed a MITAT system. The MITAT system mainly consists of microwave radiation part, thermo-acoustic acquisition subsystem and signal processing component. All these subsystems are carefully designed to develop a secure and accurate system. A microwave pulse modulator is designed to modulate a regular continues wave 2.45 GHz magnetron (2M319KD625, WITOL) to produces a 500 ns rectangular pulse. The repetition rate is also controlled by the modulator. The schematic diagram of the modulator is shown in Fig. 5 . By using this microwave generator, the modulated pulses with the peak power ranging from 0 to 50 kW can be transmitted.
The microwave pulses are radiated to the container by a horn antenna. The container is full of mineral oil and ultrasound transducers (Olympus, V314-SU,) with the centre frequency 1 MHz are uniformly amounted on the container wall. The container is fixed on a scanning platform which is driven by a step motor. In order to enhance the signal-to-noise ratio (SNR) of the received signal, a synthetic aperture is applied, which is implemented through the scanning of the sensors. The scanning platform adopts worm-drive transmission and provides a 288 : 1 transmission ratio. When the worm-shaft is driven by a step motor with 1.8 • per-step, the worm-wheel will have 0.006 • step accuracy which means 0.015 mm arc spacing accuracy on the scanning container. These specifications satisfy the requirements of the sensor array. The scanning platform with scanning container is shown in Fig. 6(a) . The working procedures of the MITAT system are summarized as follows. In a scanning procedure, the system controller controls the motor to drive the scanning container to rotate a scanning step. Afterwards, the trigger pulses are sent from the system controller to trigger the microwave modulator and data acquisition card (PCI-1714, ADVANTECH). The irradiated microwave from the radiator illuminates on a tissue in the container. Thermo-acoustic signals will be generated due to thermo-elastic expansion of the tissue. The thermoacoustic signals are amplified by using 54 dB preamplifiers (Olympus, 5662). Then the thermo-acoustic signals are sampled by the data acquisition card with 7.5 MHz sampling rate. They are recorded after 20 times averaging. After finishing all the scanning procedures, digital thermo-acoustic signals are processed to reconstruct an image in the signal processor. The picture of the developed MITAT system is shown in Fig. 6(b) .
Numerical Simulations
First, a single tumor is simulated to observe the thermo-acoustic signal. The cross section size of the tumor is about 10 mm × 10 mm that is correspond with the experimental specimen. In order to make the simulation more realistic, system noise is added according to the statistic model of the noise in the MITAT system as described in the previous subsection. Fig. 7 is a comparison between the simulated thermo-acoustic signal and a measured thermo-acoustic signal of a breast cancer specimen by using the MITAT system. The waveform before 20 µs is microwave interference. This interference has been filtered in the image reconstruction. From Fig. 7 , it can be seen that the simulated signal and the experimental signal agree well in amplitude and pulse width.
The tomographic images for the breast model are reconstructed through the integrated simulation. In the image reconstruction, the microwave absorption properties of the tissue are reconstructed by using time reversal mirror (TRM) technique. TRM algorithm performs coherent summation of sensor data to obtain an image. It was first used in acoustic by M. Fink [26] . The application of TRM in MITAT was initially suggested by Xu and Wang [27] . Then it was extend to TRM-PSTD in MITAT by Chen and Zhao et al. [28] .
The fundamental of the TRM in MITAT system can be explained by Fig. 8 . Fig. 8(a) indicates that the thermo-acoustic signals propagate through a medium and are received by the ultrasound transducers around the breast. In the inverse procedure, which is shown in Fig. 8(b) , the received thermo-acoustic signals are transmitted back into the imaging area with a virtual transducer array. According to the reciprocity theorem, the received thermo-acoustic signals will be refocused at the location of the initial acoustic source. The physical procedure can also be summarized as
where V ( r, t) is the pixel value at location r in imaging zone at moment t, M is the totality of thermo-acoustic signals, p(t) is the thermo-acoustic signal transmitted from the sample, K is the totality of sensors, G c is a Green's function from the sensor to field location r andḠ s is a conjugate Green's function from acoustic source to the sensor. The reconstructed tomographic images are shown in Fig. 9 . In  Fig. 9 , there are two targets in the top level tomography. They correspond to the tumor 1 and the tumor 2 in Fig. 2 . In the bottom, tomographic plane, i.e., z = −27 mm, there is one target which corresponds to the tumor 3. In the middle tomographic image, it shows the microwave absorptions of fatty tissue and mineral oil. Though in the forward procedure, the acoustic properties of the breast phantom are known, in the backward procedure, i.e., image reconstruction process, the breast phantom is assumed to have the homogeneous acoustic property because the acoustic properties distribution of breast is not known. The high contrast between tumor and fatty tissue is validated. Figure 9 . 3-D tomography of the breast phantom.
Thermo-acoustic Imaging Experiments for Breast Tissues
Based on the MITAT system, a series of imaging experiments for breast tissues are performed. Meanwhile, in order to assess the validity of the integrated simulation approach, simulations corresponding to the experiments are also performed.
A fatty tissue and a cancerous tissue are adopted to perform the experiment. In the experiment, the breast specimens are immersed in the mineral oil and the thermo-acoustic signals are collected from different angles. In the simulation, a rectangular fat and a spherical tumor are set. The size of the fat is 15 mm×7 mm×5 mm and the radius of the tumor is 6 mm. The relative permittivities and conductivities of the fat and tumor are as the same as listed in Table 1 . Reconstructed images by using the experimental data and the simulation data are shown in Fig. 10 . Figure 10 (a) is the experimental thermo-acoustic image obtained by using MITAT system. The contrast between cancer tissue and fatty tissue is about 15 dB, which matches their contrast of dielectric properties [29] . The simulated thermo-acoustic image is shown in Fig. 10(b) . From Fig. 10(b) , it can be seen that the contrast between the fatty tissue and tumor tissue is about 15 dB in the simulated thermo-acoustic image. The simulated result matches well with the experimental result. The validity of the proposed simulation approach is proved. 
CONCLUSIONS
An integrated simulation approach for MITAT system is studied in this paper. The approach adopts FITD to simulate the EM problem and employs PSTD to perform the acoustic simulation. By using this approach, all procedures of TAI including the microwave energy deposition in the biology tissues, the acoustic propagation and the image reconstruction can be well simulated. Meanwhile, the electromagnetic properties and acoustic properties of the biology tissues are all considered. A TAI model is developed and the thermoacoustic image for a 3-D breast phantom is obtained. The efficiency of the method has been demonstrated through some simulations and experiments. By using the proposed approach, a simulated thermo-acoustic signal is obtained. It matches well with the experimental thermo-acoustic signal. Real breast tissues including normal and cancer tissues are imaged in the MITAT system. Meanwhile, a simulation corresponding to the experiment is also performed. The simulation result agrees well with the experimental result.
